Ni-Cr and Ti-Si layers were deposited by magnetron sputtering on Ti-46Al-8Nb (at.%) substrates to suppress penetration of gases, which brings about undesirable changes in mechanical properties. Alloy samples with and without surface protection were subjected to interrupted oxidation at elevated temperature (700 and 800°C) for up to 300 h. Selected mechanical properties as well as adhesion of surface layers were examined in the as-received and oxidized state. Analytical techniques used to characterize surfaces and cross sections of the samples included scanning electron microscopy and light microscopy, energydispersive x-ray spectroscopy, x-ray photoelectron spectroscopy and x-ray diffraction. Both investigated layers were sufficiently adherent and effective in hindering gas absorption at 700°C; however, only Ni-Cr showed promising properties for higher-temperature applications.
Introduction
Alloys based on titanium aluminides are reckoned promising lightweight materials (density of about 4.0 g/cm 3 ) with good mechanical properties and oxidation resistance (Ref [1] [2] [3] [4] [5] . They might partly replace Ni-superalloys in gas turbine engines (Ref 6) , contributing to a 20-30% reduction in total weight and remarkable decrease in fuel consumption. In spite of a number of interesting properties, the application of TiAl alloys is still limited because of their relatively low ductility at room temperature ( Ref 7) , insufficient oxidation resistance at temperatures exceeding 800°C (Ref 8) and abrupt embrittlement after short exposure to oxidizing environments at elevated temperatures (Ref 9, 10) . Dramatic changes in tensile properties may be brought about by absorption of small-size impurities, such as oxygen, nitrogen, carbon or atoms of inert gases.
A lot of work has been done to enhance oxidation resistance at high temperature and prevent dissolution of gases (Ref [11] [12] [13] . Among these, the most common appeared alloying and surface treatment.
Over the years, various coating compositions and deposition processes were elaborated (Ref [14] [15] [16] [17] to protect titanium aluminides from oxidation and inward diffusion of gases. Among the available techniques, magnetron sputtering is very interesting, because it allows to obtain high-quality surface layers with controllable properties (structure, thickness, etc.) in eco-friendly conditions (Ref 18) .
The aim of this study was to apply magnetron-sputtered layers containing nickel and chromium or titanium and silicon on the surface of Ti-46Al-8Nb (at.%) substrates and assess their adhesion, ductility and protective properties. Chemical compositions of layers were selected so as to hamper dissolution of gases in the alloy at moderate temperatures and prevent oxidation at temperatures exceeding 700°C. The layers based on Ni-Cr and Ti-Si were expected to chemically bond oxygen and convert into relatively thin ceramic layers playing a role of diffusion barriers.
Experimental
The substrate used in this work, Ti-46Al-8Nb (at.%), was a fully lamellar two-phase alloy: γ-TiAl (75 mol.%) and α 2 -Ti 3 Al (25 mol.%). The details of surface preparation and PVD equipment were described in our previous paper (Ref 17) . The process parameters are listed in Table 1 . The intended thickness of surface layers, about 1-2 µm, was controlled exclusively by varying the deposition time. Target, 50 mm in diameter and composition Ti-10Si (at.%), was made by hot pressing of elemental powders mixed in suitable proportions. Consolidation of powders required the pressure of 25 MPa and temperature of 1300°C. The Ni-20Cr (at.%) target was commercially available.
List of Symbols
After deposition, the samples were subjected to cyclic oxidation in air at 700 or 800°C for 80 or 300 h (Ti-Si only). Composition of as-deposited Ti-Si layers was the same as that of the target and slightly different in at.%) for the Ni-Cr layers. The duration of each cycle at high temperature was 1 h (1-h cycles). The exact testing procedure has been described elsewhere (Ref. 17) . To avoid losing some oxidation products which might chip off as a result of thermal shocks, the samples were held in alumina crucibles. Mass changes were recorded once a day by weighing samples with and without the crucibles (gross mass and net mass, respectively).
Micromechanical testing was done in agreement with ISO 14577-1, ISO 14577-2, PN-EN ISO 6507-1:2005 on as-coated and oxidized samples, by means of a CSEM Micro-Combi Tester (MCT), with the following fixed parameters: maximum load 10 mN and loading rate 20 mN/min. The properties evaluated in this test comprised maximum penetration depth of the indenter (H max ), Vickers hardness (HV), indentation hardness (H IT ) and Young's modulus (E). Adhesion of surface layers was determined in a scratch test using Rockwell C diamond intender. The maximum load applied was 30 N (P max ), and the loading rate was 10 mN/min. Failure phenomena were detected by in situ recording friction, acoustic emission and microscopic examination of the scratch track. Normal forces which brought about first symptoms of failure were referred to as critical loads L c1 and L c2 , corresponding to the cohesive and adhesive failure, respectively.
Results

Ni-Cr Layers
The as-deposited Ni-Cr layers had smooth surface with a metallic luster. The oxidation behavior of these samples was tested in air at 700 and 800°C during 80 h. Net mass changes of alloy samples with and without the Ni-Cr layers are presented in Fig. 1 . It can be seen that net mass changes of the samples with the Ni-Cr layers are slightly higher than those of bare alloy. Scale spallation was not observed.
Morphology and composition of the scales formed on bare alloy and Ni-Cr layers were obviously different (Fig. 2) . The surface of the Ni-Cr layers oxidized at 700 and 800°C was smooth and covered with small and uniformly distributed crystals, larger than on the bare alloy. Underneath there was a zone with niobium-rich intermetallic precipitates and aluminum oxide embedded in a titanium-rich nitride phase ( Ref 21) .
Cross sections of the samples with Ni-Cr layers in Fig. 3 reveal an interdiffusion zone under the oxide scale. Thickness of the scale after 80 h of oxidation at 700 and 800°C is about 2 μm, whereas the interdiffusion zone at 800°C is more than twice as thick as at 700°C. In the diffusion zone, all alloy components (Ti, Al and Nb) were found accompanied by nickel. The concentration of nickel decreased with the increasing distance from the surface which indicated inward diffusion of this element. Chromium was located mainly in the "oxide" layer. Oxidation of bare Ti-46Al-8Nb (at.%) proceeded differently, as described in our previous papers (Ref [19] [20] [21] . Three layers could be distinguished in the scale formed at 800°C: very thin outer layer of Al 2 O 3 , subjacent layer of TiO 2 with some niobium and inner mixed-oxide layer containing all alloy components.
The early stages of oxidation were analyzed by XPS. As can be seen in Table 2 , composition of the surface was different for the Ni-Cr layer and bare alloy after the same oxidation time. After 2 h of exposure, the amount of aluminum on alloy surface was twice higher compared with the Ni-Cr layer, whereas the amount of titanium was similar in both cases. In the case of samples with the Ni-Cr layers, the amounts of nickel and aluminum were similar and about twice higher than that of titanium. After 24 h of exposure, the amount of aluminum on the surface increased, indicating an outward diffusion of this element from the underlying alloy. The amount of titanium on the surface of bare alloy decreased after a longer oxidation time and was the same as for the sample with the Ni-Cr layer. The amount of nickel was slightly lower after 24 h of oxidation.
XRD patterns taken from the surface of Ti-46Al-8Nb (at.%) with Ni-Cr layers oxidized at 700 and 800°C are presented in Fig. 4 . Depending on the oxidation temperature, the sample surface had different morphology ( Fig. 2 ) and composition ( Fig. 4 ). The diffractogram of the sample oxidized at 700°C ( Fig. 4 ) showed only one oxide phase, i.e. Cr 2 O 3 , and small Micromechanical properties of samples with the Ni-Cr layers are collected in Table 3 . The highest value of penetration depth at the maximum load of 10 mN was found for the unoxidized sample, and it decreased after oxidation. Vickers hardness (HV) and indentation hardness (H IT ) were the lowest for the unoxidized layer and increased with the oxidation temperature. The sample oxidized at 800°C had the highest Young's modulus.
The results of scratch test are presented in Table 4 . The Ni-Cr layers before and after oxidation had good adhesion. The load which caused cohesive cracks inside the scratch track (L c1 ) was higher for the oxidized samples. The critical load for adhesive failure (L c2 ) exceeded 30 N for the unoxidized layer and was about 26 N for the oxidized ones. However, after oxidation at 800°C slightly worse adhesion was noted-cracks and delamination were observed close to the scratch track ( Fig. 5b ).
Ti-Si Layers
Ti-46Al-8Nb (at.%) samples with Ti-Si (at.%) layers were oxidized at 700 or 800°C for 80 or 300 h. Net mass changes over the oxidation time, shown in Fig. 6 , were very similar for bare alloy and alloy with the deposited layer at 700°C (black lines). At 800°C the net mass changes of samples with the Ti-Si layer after 80 and 300 h of oxidation were about three times higher compared with the bare alloy.
Surfaces of the alloy samples with and without Ti-Si layers after 80 and 300 h of oxidation at 700°C were microscopically smooth. In contrast, as illustrated in Fig. 7 , at 800°C the size of crystals growing on the surface of a Ti-Si layer increased with the oxidation time. The oxide layer on the surface of bare alloy remained fine crystalline even after 300 h of exposure.
XRD analyses from the surface of sample oxidized at 800°C ( Fig. 8 ) revealed TiO 2 (rutile) as the predominant phase as well as small amounts of Al 2 O 3 (corundum) and SiO 2 (quartz). The large crystals in Fig. 7 are built of rutile. EDS analysis from the surface of sample with the Ti-Si layer oxidized at 800°C for 300 h showed titanium, aluminum and oxygen only.
Cross sections of samples with a Ti-Si layer after 80 h of oxidation at different temperatures are compared in Fig. 9 . At 700°C, the Ti-Si layer provided good protection to the alloy. The scale was thin and adherent, and there was no evidence of interdiffusion or phase transformations in the subjacent alloy. After the exposure at 800°C the structure of the near-surface area became more complex. The scale was thick (about 10 µm) and layered. According to EDS, the surface was rich in 19.0 ± 0.4 (2) 26.0 ± 2.5 (4) 0.18 ± 0.01
(1) Small cracks inside the scratch track propagating outwards, large crack at a load of 16 N; no delamination (2) Cohesive failure (cracks) inside the scratch track ( Fig. 5(a, b) ) (3) Local chipping of the coating/oxide layer; no delamination or cracks ( Fig. 5a ) (4) Cracks and delamination on both sides of the scratch track (Fig. 5b) aluminum and oxygen (Al 2 O 3 , confirmed by XRD). The scale was built of titanium, aluminum, silicon and oxygen in different proportions, depending on the location. Close to the scale/alloy interface, there were light-gray and dark-gray precipitates oriented perpendicularly to the substrate (BE image). The lighter precipitates were rich in niobium, whereas the darker ones in aluminum. Oxidation at 800°C caused changes in the micromechanical properties of the Ti-Si layer. As shown in Table 5 , hardness decreased about three times and the values of Young's modulus were also lower compared with the unoxidized state. In general, the Ti-Si layers were brittle and prone to delamination. Results of scratch test in Table 6 indicate very low critical loads (L c1 , L c2 ) when referred to other layer investigated in this work (Table 4 ). Cracking and delamination of the Ti-Si layer around the scratch track are clearly visible in Fig. 10 .
Discussion
Ni-Cr Layers
The principal idea of using Ni-Cr layers was to protect the Ti-46Al-8Nb (at.%) alloy against gas absorption and oxidation in air. Ni In this work, the net mass changes of Ti-46Al-8Nb (at.%) samples with Ni-Cr layers were slightly larger than for the bare alloy ( Fig. 1 ). It should be underlined, however, that these mass changes were related to the formation of different oxides. According to the XPS (Table 2) The cross sections in Fig. 3 indicate that the Ni-Cr layer was perfectly protective. The scale was very thin, compact and adherent. One troublesome effect was relatively rapid inward diffusion of nickel, which might influence mechanical properties of the alloy. As demonstrated in Fig. 3 The lamellar microstructure of the alloy might influence the transport processes (e.g., favor the interlamellar diffusion). Moreover, nickel diffused into the Ti-Al intermetallic alloy from a Ni-Cr layer, so its chemical potential and diffusivity in this layer were different compared with unalloyed nickel. Finally, in the investigated system, reactive diffusion resulted in the formation of ternary intermetallics, so defect structure and transport properties of these intermediate phases might actually be responsible for the growth rate of the interdiffusion zone. From the diffractogram in Fig. 4 , it follows that Ni-Cr layers sufficiently well-prevented oxidation of the Ti-46Al8Nb (at.%) alloy up to 700°C, because at 800°C TiO 2 was already found in the scale (Fig. 4) . At the lower temperature, chromium was oxidized preferentially and a protective Cr 2 O 3 layer was produced on the surface (Fig. 4) . Ternary intermetallic, TiNi 2 Al, formed as a result of nickel diffusion into the alloy. The TiNi 2 Al 
Ti-Si Layers
Deposition of Ti-Si layers was motivated by the known positive effect of silicon on the oxidation behavior of titanium alloys (Ref 36, 37) . Protective properties of silicon-containing coatings have been also reported in other systems (Ref 38, 39) . In the case of Ti-Si, it was expected that at the beginning of oxidation silicon would react with oxygen to form partly amorphous SiO 2 , playing a role of barrier against oxygen penetration along the easy diffusion paths (grain boundaries) in the oxide layer. Unfortunately, experimental results did not confirm these expectations. Table 6 Critical loads (L c1 , L c2 ) and friction coefficient (μ) in a scratch test for the Ti-46Al-8Nb (at.%) alloy with a Ti-Si layer (maximum load P max =30 N)
Surface condition L c1 , N L c2 , N μ Unoxidized 1.2 ± 0.4 (1) 9.7 ± 2.3 (2) 0.46 ± 0.05 Oxidized for 80 h at 800°C 10.0 ± 2.5 (3) 12.9 ± 3.2 (2) 0.24 ± 0.05
(1) Substrate exposed in some spots (2) Cracks and delamination around the scratch track (3) Cohesive cracking inside the scratch track It can be concluded from Fig. 9 that at 700°C the Ti-Si layer can protect the alloy against oxidation in air. The subjacent alloy remained unchanged (no evidence of phase transformations). Interpretation of EDS analysis in Fig. 9 should be careful because the resolution of this method is not good enough for thin (about 2 µm) layers. Moreover, it is difficult to compare concentrations of light and heavy elements as determined by EDS. It can be derived from the EDS analysis, however, that the scale formed at 700°C contained titanium and silicon oxides. It is interesting to note that some amount of aluminum was also present in the surface layer (point 2, 700°C), as a result of an outward diffusion of this element from the substrate. The concentration gradient of silicon at the inner interface with the substrate could bring about further inward diffusion of this element, because silicon is known to be the predominant diffuser in the Ti/Si couples (Ref 40) .
The temperature of 800°C appeared too high for the Ti-Si layer to provide good protection to the alloy. Large TiO 2 crystals appeared on its surface after 300 h of exposure ( Fig. 9 ). As follows from the diffractogram in Fig. 8 , titanium dioxide had the structure of rutile. Its growth on the Ti-Si layer was rather fast but it was slower than on pure titanium (Ref 41) . For illustration, mass gain of titanium (purity 99.94%) after 75 h of oxidation at 800°C was about 14 mg/cm 2 whereas that of Ti-46Al-8Nb (at.%) with the Ti-Si layer was about 1 mg/cm 2 after the same time. However, the oxidation rate of Ti-46Al-8Nb (at. %) with the Ti-Si layer was still deemed too high. According to thermodynamic calculations (Ref 42), stable SiO 2 scales are formed during oxidation of Ti-Si phases, which contain at least 37.5 at.% Si. The cross section in Fig. 9 (800°C) reveals very complex structure of the near-surface layers. The scale was rather thick (about 10 µm) and composed of two main layers. The inner part (internal oxidation zone) close to the alloy substrate contained aluminum-and niobium-rich precipitates (dark and light spots in SEM BEI in Fig. 9 (800°C) ) similarly as in the case of uncoated alloy. These correspond to aluminum oxide and niobium-rich intermetallic. The outer part of the scale was similar to that formed on the Ti-6Al-1Mn (at.%) alloy after 240 h of oxidation at 800°C (Ref 43): thicker layers of titanium dioxide were separated by thinner layers of aluminum oxide. The presence of aluminum in the outer part of the scale indicates an outward diffusion of this element from substrate to the Ti-Si layer.
Summary
The magnetron sputtering technique used in this work had many advantages. Compared with the processes based on diffusional transport, the substrate could be maintained at a relatively low temperature, not exceeding about 300°C. This prevented changes in alloy microstructure and mechanical properties. Two-component targets used in magnetron sputtering enabled very good control of layer composition. The deposited layers were perfectly compact and adherent. In spite of micrometric thickness, they effectively protected the alloy against gas absorption and oxidation at 700°C. The oxides (NiO and Cr 2 O 3 ) which formed on the surface of these Ni-Cr layers, with major point defects within the cation sublattice could hinder the inward diffusion of oxygen. The nanocrystalline/amorphous SiO 2 , which accompanied titanium dioxide on the surface of the Ti-Si layer, significantly reduced the growth of TiO 2 . At 800°C the Ni-Cr layers only preserved good oxidation resistance. Some small amounts of TiO 2 were, however, detected in the scale (Fig. 4) . TiO 2 was the predominant phase on the surface of Ti-Si layers (Fig. 8) .
The Ni-Cr and Ti-Si layers on a Ti-46Al8Nb (at.%) differed in micromechanical properties. The highest indentation hardness (11.1 GPa) was measured for the Ni-Cr layer after 80 h of oxidation in air at 800°C ( Table 3 ). The lowest value (2.3 GPa) was found for Ti-Si oxidized in the same conditions ( Table 5 ). In the case of Young's modulus (E), very low values (good ductility) were calculated for the Ti-Si layer after oxidation at 800°C ( Table 7 .
The H/E ratio of the Ti-Si layer before oxidation was higher than that of Ni-Cr, and it decreased to one-half of the original value after oxidation at 800°C. In the case of Ni-Cr layers, the H/E value was higher for the oxidized samples. Adhesion of the coating is another very important parameter, which could be estimated from the scratch test (Tables 4 and 6 ). Before oxidation the Ni-Cr layers had better properties compared with Ti-Si, the critical loads for cohesive (L c1 ) and adhesive (L c2 ) failure were equal to 10.6 N and more than 30 N, respectively ( Table 3 ). It should be mentioned that the critical load for adhesive failure of about 30-40 N is typical for TiN layers deposited on cutting tools (Ref 45) . After oxidation at 700 and 800°C the L c1 and L c2 values for the Ni-Cr layers were lower but still relatively high. According to Table 6 , the Ti-Si layer had definitely worse properties. The values of friction coefficient collected in Tables 4 and 6 indicate that the surface of Ni-Cr layers was smooth and could have satisfactory anti-wear and anti-friction properties. The friction coefficient of about 0.2 for the Ni-Cr layers ( Table 4 ) was similar to the values reported for the Ni-25Cr coatings deposited on cast iron (Ref 46).
Conclusions
1. The Ni-Cr and Ti-Si layers provided good protection of the Ti-46Al-8Nb (at.%) alloy against gas absorption and oxidation at 700°C. 2. The Ni-Cr layer effectively prevented gas penetration and significantly limited TiO 2 growth at 800°C owing to the formation of a protective Cr 2 O 3 scale. 3. Relatively fast inward diffusion of nickel to the subjacent alloy, especially at elevated temperatures, is considered some drawback of the proposed protective system based on the oxidation properties of the Ni-Cr alloys. This issue calls for further studies with a focus on mechanical properties and oxidation behavior in a long-term test.
